Abstract. The present issue gives a snapshot of the rapidly developing field of ultracold polar molecules.
Molecules are different from atoms -certainly more complicated -and one might say "more interesting:" they offer intriguing properties which are not available with atoms, such as body-fixed electric dipole moments. Hence the emphasis on polar.
As atomic physics has moved beyond the trapping and study of dilute gases of simple atoms, a new many-body physics has emerged. Similarly, fundamental physical chemistry is moving in new directions, becoming increasingly preoccupied with controlling chemical reactions and collisions in general. In both research areas dense samples of cold molecules are called for -and wanting. Once these become available, much is expected to happen: there is the promise of the discovery of new phases of matter, ultracold chemistry, and even a robust quantum computer made out of molecules suspended in free space. These far-reaching research goals and the thrill of the challenge drew a group of about seventy researchers through the ultracold weather to talk about polar molecules. This volume is not a summary of that meeting (please see the Workshop's web page for that, http://itamp.harvard.edu/polar/polar.html) but a series of peer-reviewed articles fostered by that meeting.
We hope that you will find this collections of papers useful and inspiring.
How to create cold polar molecules?
The discovery of methods for cooling, trapping, and manipulating atoms has generated a revolution in atomic physics. In the past few years many researchers have chosen to pursue the creation and study of ultracold polar molecular gases. Cooling molecules is more difficult than cooling atoms. The complex molecular internal level structure precludes a simple extension of laser cooling to molecules (although work is continuing in this area and the proposals to laser-cool metal hydrides look promising [1, 2] ). Despite hurdles, considerable progress has been made and we are in a period of very rapid world-wide growth in this new field. In 1998, the first trapping of neutral polar molecules, CaH, in a magnetic field was reported [3] . Since then, several groups have made advances in the production of cold polar molecules by a variety of methods. The creation of homonuclear (bosonic) alkali dimers via photoassociation or Feshbach resonances is now being followed up with application of the same techniques to produce polar bi-alkali dimers; recently Feshbach resonances in dualspecies traps have been found [4, 5] . Ground-state (or at least triplet ground state) bi-alkalis have been produced by photoassociation [6, 7, 8, 9] . The methods of photoassociation and Feshbach-resonance linking can be termed "indirect" as the molecules are formed from pre-cooled atoms (see Section 2 of this Editorial). There are more than twenty groups pursuing the indirect methods and some are turning their attention from homonuclear to polar molecules. The advantages and drawbacks of the indirect methods are described in Section 2.
"Direct" methods are based on cooling preexisting molecules.
By current count there are at least fifteen groups pursuing either buffer-gas cooling [3, 10, 11, 12, 13] , electric-field pulsed beam slowing [14, 15, 16, 17, 18] , light-field slowing [19] , laser cooling [1] , counter-rotating-nozzle slowing [20] , single collision scattering [21] , or beam skimming with a guide [22, 23] . All of these direct methods start with relatively hot molecules, typically from a molecular beam source, and employ some combination of slowing, cooling and trapping as an initial step toward creation of ultracold polar molecular gases (see Section 3 of this Editorial).
The advantages of (many of) the direct approaches include wide applicability and large yield (CaH, OH, and NH 3 have been already trapped and a wide variety of molecules, including benzene, have been slowed). A disadvantage is that many of these methods generally do not immediately yield the very low translational temperatures, typically in the microkelvin range, which are attainable with the indirect methods. It will be necessary to bridge the "temperature gap" between the initial loading temperatures of the direct methods (1-1000 mK) and the desirable ultracold regime < 1 mK. There are a wide variety of proposals on how to do this, including direct evaporative cooling, sympathetic cooling with laser-or evaporatively cooled atoms, or direct laser cooling. The application of these techniques will generally require starting with a large number of molecules. It will also require learning a great deal of new physics.
The payoff should be worth the effort. Most prominently, the large electric dipole moments of polar molecules produce a strong interparticle interaction that can be exploited for quantum computing or as a source for direct BCS pairing [24, 25, 26, 27, 28, 29] . Also, precision spectroscopy of heavy dipolar molecules in searches for an elementaryparticle electric dipole moment (EDM) [16, 17] holds tremendous promise for reaching physics beyond the Standard Model. Producing larger numbers of colder molecules will naturally lead to improvements in these efforts. Beyond these anticipated phenomena, there awaits a terra incognita. What are the possibilities for chemistry at low temperature? Will there be applications to clocks? Are there new collisional phenomena? These are some of the questions that are on the table. Just as we are now seeing phenomena in the ultracold atom field not dreamt about twenty years ago when BEC research was launched, we expect that new and exciting molecular phenomena we can't now imagine will emerge ten to twenty years hence.
2 Making ultracold polar molecules from cold atoms
Photoassociation and radiative stabilization
Laser cooling techniques cannot be easily applied to molecules [2, 30] , which are complex multi-level systems. One can circumvent this difficulty by first cooling the constituent atoms, then making excited state molecules by photoassociation of atom pairs with laser light, following the scheme proposed in 1987 by Thorsheim et al. [31] and discussed in multiple reviews [32, 33, 34, 35] . However, molecules thus obtained are short-lived and decay by spontaneous emission, most often dissociating back into atoms. In order to produce stable molecules, population transfer from a bound level v ′ of the excited electronic state to bound levels v of the ground (or lower triplet) electronic state must occur. This stabilization process involves either sponta- neous emission, or induced emission with a second laser.
The advantage of the photassociation method is that one makes ultracold molecules at the same translational temperatures as the precursor atoms (below 1 mK). A drawback is that the molecules are often formed in excited vibrational levels of the electronic ground state, so that they are not vibrationally cold. Also, in many cases, the stable molecules are formed in the lower triplet state rather than the ground state and they can be captured due to their low temperature either in a magnetic trap [33, 34] or in a dipole trap at the focus of a CO 2 laser beam [36] .
The first stable ultracold molecules that were formed, detected by photoionization and time-of-flight selection of the molecular ions, were homonuclear alkali dimers [37, 38, 39, 40, 41, 42, 43] . Several mechanisms were identified as the stabilization step, all associated with specific properties of the potential curves in the excited electronic state.
The progress and development of new schemes appear to be strongly dependent on accurate spectroscopic information about the molecules and on vigorous symbiosis between theory and experiment (see the reviews [33, 34] and references therein).
As for the formation of heteronuclear dimers, there is an added complication of using a double MOT. This issue is "merely" technical and has been solved by many groups. Regarding the photoassociation itself, it was predicted [44] that the photoassociation step would be less efficient for heteronuclear dimers than for homonuclear molecules. Franck-Condon overlap with low vibrational levels of the ground state, so that a second laser pulse could create vibrationally cold stable molecules. The method is similar to the Raman scheme discussed in many papers of this issue but uses pulsed lasers. The advantage of short pulses is that molecules in highly excited vibrational levels can be transferred to the ground level in very short times, shorter than collisional relaxation or characteristic dissociation times [58] .
Manipulating the scattering length with a photoassociation laser has been proposed in several theoretical papers [59, 60, 61] , and achieved in the experiments of Refs.
[ 
Making cold molecules from cold atoms via magnetic Feshbach Resonances
The possibility of creating ultracold molecular molecules produced from fermionic atoms may exist for a long time [68, 69, 70] . It is believed that it might be possible to transfer them to more tightly bound states using, for example, pulsed Raman laser fields [58] (see also the discussion in Sec. 2.1). At the workshop, this approach to producing heteronuclear molecules was discussed but no experimental results were then available. Now there are at least two groups that have found Feshbach resonances in heteronuclear systems [4, 5] . This greatly raised the expectation that polar molecules will be produced in this way.
The rich resonant structure of molecular spectra ob- [81] , has been used in a number of studies since to cool paramagnetic atoms or molecules and to load them into a magnetic trap [82] . A recalcitrant problem has been the introduction of the molecules to be cooled into the cryogenic buffer gas. Solving this problem has been of primary importance, since the number of molecules that can be cooled and trapped is limited mainly by the number of molecules that can be brought into the buffer gas [3] .
The techniques that have been applied so far, laser ablation [82] and capillary filling [83] , suffer from serious drawbacks. Capillary filling is suitable only for stable molecules that remain gaseous at low temperatures. Laser ablation offers more versatility (including in situ production of unstable species), but the yield and variety of molecules produced from a solid precursor and, indeed, the precursor's A simulation of the measured spectrum, based on a generalized tensor coupling scheme, is also described. As the authors point out, the inversion frequency in ammonia depends sensitively on the electron/proton mass ratio, and could be used to monitor the ratio's possible time dependence. In order for the techniques to become competitive [96] , the present accuracy needs to be further improved, by a factor of 10 6 . This should become possible once an ammonia molecular fountain is implemented, allowing for an interaction time of as much as a second. We note that will make it possible to control the branching ratio between the Mg + (3p)+H and Mg(3s 2 )+H + dissociation channels, by radiative coupling of MgH + (A) to its B and C electronic states. This will be effected by two independent laser fields. The paper presents calculations which indicate that the branching ratio could be varied at will, either by varying the intensity of the lasers involved or the frequency of one of the lasers.
(i) Another technique for producing cold molecules relies on thermalization in the cryogenic environment provided by helium nanodroplets. This technique, pioneered in 1992 [101] , has been implemented by several groups and used to improve the resolution of molecular spectroscopy [102, 103] , study nanoscopic superfluidity [104, 105] and to foster self-assembly of non-equilibrium structures [106] , to name just a few. 
Theory of cold collisions involving molecules
The production of ultracold molecules has led chemists to 
The imaginary part of the scattering length β n is directly proportional to the total cross section for inelastic scattering in the state n
where σ in n = n ′ =n σ n→n ′ , k n = µv n /h, v n is the collision velocity and µ is the reduced mass of the collision system.
Eq. (2) can be used to evaluate the zero temperature rate coefficient for inelastic energy transfer or chemical reaction
Because σ in n ∼ 1/k n according to the Wigner law, β n is constant in the limit k n → 0 and the rate coefficient (3) is finite at zero temperature.
The elastic cross section is given by
The positions and lifetimes of the bound levels of the collision complex lying just below dissociation threshold can be estimated from the real and imaginary parts of the scattering length as follows [110] :
where γ n = arctan (β n /α n ). The energy E is real for single channel scattering because β n = 0 and γ n = 0. When there is more than one open channel, the bound levels can decay through transitions into lower levels with a lifetime
that can be rewritten in terms of the zero energy elastic cross section and zero temperature rate coefficient (3) as follows:
Forrey et al. [111] showed that the expression (7) The studies of the He + H 2 and other collision systems [116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128] showed that zero temperature rate coefficients for An example of an insertion reaction is the reaction of an alkali atom with an alkali diatomic molecule, like Na + Na 2 . Soldán and coworkers used a hyperspherical coordinate quantum mechanical method of Launay and Le Dourneuf [130] to investigate the Na + Na 2 reaction at ultracold temperatures [131] . They showed that the cross sections for the reaction removing the vibrationally excited Na 2 (v = 1) molecules follow the Wigner law and the rate coefficient for the reaction is large in the limit of zero temperature. Recently, the same authors have extended their calculation to study the Li + Li 2 reaction at zero temperature [132] . It was shown that for low-lying bound states of Li 2 there is no systematic difference between the inelastic collision rates for molecules formed from fermionic and bosonic Li.
The abstraction reactions have a potential barrier which separates the reactants from products. [148, 149] and collisional cooling of non-S-state atoms in a magnetic trap has been predicted to be impossible [150, 151] . The study of K los and coworkers, however, demonstrates that the angular dependence of the interaction potential between transition metal atoms and He is dramatically suppressed. This indicates that transition metal atoms should be amenable to buffer-gas loading in a magnetic trap and, possibly, evaporative cooling to ultracold temperatures. Trapping of non-S-state atoms will greatly expand the scope of ultracold molecular physics. Photoassociation of ultracold non-S-state atoms will produce ultracold non-Σ-state molecules.
Conclusions and future directions
We hope that the readers of this issue will be convinced of the rapid expansion of the field of ultracold molecules.
We should note the combination of traditional physics (accurate molecular spectroscopy) and very recent research advances (molecular quantum gases). We should also note the strong interplay between theory and experiment, which appears in many papers of this issue. We expect the next The presence of the trapping field is expected to greatly enhance the scattering cross section by aligning the molecular dipoles, and thus reduce the requisite number density of the trapped molecules. Alternatively, the critical density conducive to evaporation may be achieved by bunching. Evaporative cooling is also likely to be attained in magnetic traps, which can be loaded with large numbers of molecules using the beam-loaded buffer gas technique.
Another possibility is to use a hydride molecule plus laser cooling to directly load the molecules into a magnetic, electrostatic or ac trap. Sympathetic cooling of molecules (or molecular ions) with laser cooled atoms (or atomic ions) is also being pursued in a number of laboratories.
Cooling Rydberg molecules is an interesting challenge to explore [92, 93, 94] .
During the next few years, new experiments are likely to be carried out that will make use of cold molecules. Model [154, 155, 156, 157, 158, 159, 160] . An increase in accuracy by even one order of magnitude would therefore have a dramatic impact on theory. Also rapid progress in testing the Pauli principle for bosons with cold molecules (with zero-spin nuclei) is expected. Another fundamental experiment tests parity violation, via high-resolution spectroscopy of enantiomers of chiral molecules [161] . The accuracy of this experiment is expected to be significantly enhanced by using cold molecules.
